Introduction {#S0001}
============

*Salmonella enterica* serovar Typhimurium (*S*. Typhimurium) is a common cause of self-limiting gastrointestinal infections in human hosts, but can provoke a systemic typhoid-like disease upon infection of mice \[[1](#CIT0001)\]. Therefore, this pathogen is widely used as surrogate model for *S. enterica* serovar Typhi (*S*. Typhi), the causative agent of typhoid fever, a life-threatening systemic human infectious disease. *Salmonella* can invade a variety of cell types owing to their ability to inject virulence effectors triggering phagocytosis by non-professional phagocytes, such as epithelial cells and fibroblasts \[[2](#CIT0002)\]. Following this self-induced entry, *Salmonella* begins to replicate inside a growing compartment called the *Salmonella*-containing vacuole (SCV). *Salmonella* can also replicate inside professional phagocytes, including macrophages, which are the main carriers of this pathogen when it causes systemic disease \[[3](#CIT0003)\].

The invasion of host cells by *Salmonella* or other intracellular pathogens triggers macroautophagy (hereafter autophagy), a cellular degradation pathway that delivers cytoplasmic content to lysosomes \[[4](#CIT0004)\]. Many studies support that activation of the autophagy machinery functions to restrict cytosolic escape and intracellular replication of *Salmonella* \[[5](#CIT0005)--[12](#CIT0012)\]. Xenophagy is known as a selective autophagy process, wherein ubiquitin and galectin receptors target the membranes of damaged SCVs and bacteria that have escaped into the cytosol, and this is the main anti-*Salmonella* autophagy response in epithelial cells \[[8](#CIT0008)--[11](#CIT0011),[13](#CIT0013)\]. However, both the survival strategies of *Salmonella* and the host cell autophagy responses differ between cell types. For example, *S*. Typhimurium does not escape into the cytosol in fibroblasts, but in this cell type endosomal and lysosomal membranes accumulate around the SCV to form large aggregates that engage the autophagy machinery in an ATG9A-independent manner \[[14](#CIT0014),[15](#CIT0015)\]. Another process dependent on components of the autophagy machinery is known as LC3-associated phagocytosis (LAP) \[[16](#CIT0016)\]. During LAP, the autophagy marker microtubule-associated protein 1A/1B-light chain 3 (MAP1LC3, LC3) is recruited to the single membrane of the phagosome, whereas it marks the double membranes of autophagosomes during canonical autophagy \[[17](#CIT0017),[18](#CIT0018)\]. It is likely that LAP contributes to the response of neutrophils and epithelial cells to *Salmonella* infection \[[7](#CIT0007)\]. Studies of the autophagic response of macrophages to *Salmonella* infection are limited and point to roles in mediating programmed cell death as well as restricting bacterial replication \[[19](#CIT0019)\].

The recruitment of LC3 to the phagosomal membrane of *Salmonella*-infected neutrophils and epithelial cells has been shown to depend on the function of the NADPH oxidase (nicotinamide adenine dinucleotide phosphate oxidase) \[[7](#CIT0007)\]. NADPH oxidase is required for the generation of reactive oxygen species (ROS) with potentially damaging properties against intracellular pathogens. NADPH oxidase is inactive in resting macrophages and neutrophils and becomes activated when invading microbes trigger innate immunity signaling via the Toll-like receptor pathway \[[20](#CIT0020)\]. Its importance in host defense is well exemplified by chronic granulomatous disease, a condition leading to life-threatening fungal and bacterial infections arising due to non-functional NADPH oxidase in phagocytes \[[21](#CIT0021),[22](#CIT0022)\].

The RUN and cysteine rich domain containing BECN1/BECLIN1-interacting protein (RUBCN/RUBICON) has recently been shown to play an essential role in LAP and to be required for the activation of NADPH oxidase during this process \[[20](#CIT0020),[23](#CIT0023),[24](#CIT0024)\]. RUBCN mediates the activation of NADPH oxidase in two ways, first by recruiting the NCF4/P40PHOX component of NADPH oxidase via activating Class III phosphatidylinositol 3-kinase (PtdIns3K) on phagosomes and generating phosphatidylinositol 3-phosphate (PtdIns3P), and second by stabilizing CYBA/P22PHOX to assemble the NADPH oxidase complex \[[20](#CIT0020),[23](#CIT0023)\]. In contrast, RUBCN functions as a negative regulator of autophagosome formation, inhibiting the PtdIns3K complex and RAB7 guanosine triphosphatase activity \[[25](#CIT0025)\]. Thus, RUBCN functions as a molecular switch that either suppresses canonical autophagy or promotes LAP. Most components of the autophagy machinery are required for the formation of autophagosomes as well as LAPosomes. However, LAP is independent of the preinitiation complex (ULK1 complex, including ULK1/2 \[unc-51 like autophagy activating kinase 1/2\], RB1CC1/FIP200, ATG13 and ATG101) \[[23](#CIT0023),[26](#CIT0026)\], whereas this complex is essential for the induction of canonical autophagy \[[27](#CIT0027)\]. Several studies have provided evidence for a role of LAP in restricting the growth of intracellular pathogens \[[20](#CIT0020),[23](#CIT0023),[28](#CIT0028),[29](#CIT0029)\], while other studies suggest that pathogens might exploit LAPosomes as replication niches \[[30](#CIT0030),[31](#CIT0031)\]. In addition, LAP has been proposed to promote MHC II class presentation of antigens \[[32](#CIT0032),[33](#CIT0033)\]. Furthermore, LAP can be activated during internalization of dead or dying cells (efferocytosis) or of live cells (entosis), which is thought to ensure that cells are cleared effectively without triggering pathological inflammatory responses \[[26](#CIT0026),[34](#CIT0034),[35](#CIT0035)\].

It is currently unknown how the different autophagy-related mechanisms, such as xenophagy and LAP, are involved in the interaction of macrophages with *Salmonella* during systemic infection. To study the encounter of macrophages with this pathogen *in vivo*, we took advantage of a zebrafish embryo model of *S*. Typhimurium infection, wherein bacteria are delivered by microinjection into the blood circulation or sub-cutaneously \[[36](#CIT0036),[37](#CIT0037)\]. We have previously shown that zebrafish embryos respond to *Salmonella* infection by Toll-like receptor-mediated signaling inducing a strong proinflammatory gene expression signature similar as in mammalian hosts and human cells \[[38](#CIT0038)--[41](#CIT0041)\]. The zebrafish has become a widely utilized vertebrate model for human infection diseases, especially because microscopic imaging of infected zebrafish embryos provides new possibilities to gain insight into the interactions between pathogens and host innate immune cells in a living organism \[[42](#CIT0042)--[44](#CIT0044)\]. The zebrafish is also increasingly used to study autophagy and it has previously been demonstrated that zebrafish embryos can mount an autophagic defense response against *Shigella flexneri* and *Mycobacterium marinum* \[[45](#CIT0045)--[48](#CIT0048)\]. Here, by *in vivo* imaging of GFP-Lc3 transgenic zebrafish embryos we could dissect the role of macrophages and neutrophils in anti-*Salmonella* responses and expose LAP as the major pathway responsible for the macrophage-mediated defense against this pathogen.

Results {#S0002}
=======

*GFP-Lc3 recruitment is a dynamic response limited to live* Salmonella *cells* {#S0002-S2001}
------------------------------------------------------------------------------

LC3, the vertebrate ortholog of yeast Atg8, is a widely accepted marker for autophagy-related processes, which can be visualized by fusion with fluorescent proteins \[[49](#CIT0049)\]. We took this approach and used *Tg(CMV:GFP-map1lc3b)* transgenic zebrafish \[[50](#CIT0050)\] to study the role of the autophagy machinery during *Salmonella* infection *in vivo*. In previous work, we had characterized the immune response of zebrafish embryos to intravenous infection with *S*. Typhimurium by microarray and RNA sequencing analysis. These studies showed that systemic *Salmonella* infection in the zebrafish host is characterized by a strong proinflammatory gene expression signature and that infection of embryos at 1 day post fertilization (dpf) causes lethality within one day \[[39](#CIT0039)--[41](#CIT0041),[51](#CIT0051)--[53](#CIT0053)\]. In this study we modulated the infection model to investigate the host autophagic defense response over a longer period of infection. To this end, embryos were systemically infected at 2 dpf via caudal vein microinjection with a low dose (200--400 colony forming units (CFU)) of either live or heat-killed *S*. Typhimurium (SL1344). Both groups were scored for mortalities at 24 hour intervals up to 72 hours post infection (hpi). In contrast to heat-killed bacteria, live *S*. Typhimurium were able to kill approximately 50% of the infected zebrafish by 48 hpi, and the infection resulted in approximately 70% mortality at the endpoint of the survival experiment (72 hpi) ([Figure 1(a](#F0001))). To assess bacterial growth kinetics, CFU counts were determined by retrieving *Salmonella* cells from surviving embryos at 24, 48 and 72 hpi. As expected, the heat-killed *S*. Typhimurium could not establish infection within the host as no bacterial growth on agar plates was observed ([Figure 1(b](#F0001))). Conversely, live *S*. Typhimurium showed exponential growth inside the host reaching approximately 10^5^ CFU per larva ([Figure 1(b](#F0001))). Of note, the above experiments were reproduced in the wild-type zebrafish line AB/TL (Figure S1); therefore, the observed response to *S*. Typhimurium is not affected by the GFP-Lc3 transgene expression.10.1080/15548627.2019.1569297-F0001Figure 1.GFP-Lc3 recruitment to *Salmonella* during systemic infection of zebrafish. (a) Survival curves of *Tg(CMV:GFP-map1lc3b)* zebrafish embryos/larvae, systemically infected at 2 dpf by caudal vein injection with either live or heat-killed *S*. Typhimurium. One representative of three replicates is shown (n = 50 embryos per group). (b) CFU counts of the zebrafish infected with live or heat-killed *S*. Typhimurium. Five embryos/larvae per time point were used and the log-transformed CFU data are shown with the geometric mean per time point. One representative of three replicates is shown. (c) Stereo fluorescence image of a 2 dpf *Tg(CMV:GFP-map1lc3b)* embryo, systemically infected with live *mCherry*-expressing *S*. Typhimurium. The yellow dotted box shows the area in the tail used for Z-stack confocal imaging in d and e. (d and e) Representative confocal images at maximum projection taken at 4 hpi from time lapses recorded of embryos injected with live *S*. Typhimurium (e) or heat-killed *S*. Typhimurium (f) bacteria (see Movie M1 for live and M2 for heat-killed bacteria). Yellow boxes indicate the magnified regions shown in d' and e'. The arrow in d' indicates a ring-shaped structure of GFP-Lc3 signal enclosing an *mCherry*-expressing *S*. Typhimurium cell and several other GFP-Lc3-*Salmonella* associations can be observed in this image. (f) Quantification of GFP-Lc3-*Salmonella* associations at 4 hpi. Embryos injected with live or heat-killed *S*. Typhimurium were imaged over the yolk sac circulation valley region and quantified for percentages of phagocytes positive for GFP-Lc3-*Salmonella* associations (Lc3+ ve) over the total number of phagocytes with ingested bacteria. Error bars represent the SD. One representative of three replicates (each with n = 5 embryos per group) is shown. (g) Quantification of time course associations of GFP-Lc3-*Salmonella* during systemic infection with live *S*. Typhimurium. Five embryos per time point were imaged and quantified for percentages of phagocytes with GFP-Lc3-*Salmonella* associations as in f. Error bars represent the SD. Scale bars: c = 200 μm, d, e, d' and e' = 10 μm. \*\*\*\*P \< 0.0001, \*\*\*P \< 0.001, \*\*P \< 0.01, \*P \< 0.05, ns = non-significant.

In order to visualize the dynamics of GFP-Lc3-associations to *Salmonella* cells, a high dose (2000--4000 CFU) of *mCherry*-expressing bacteria (either live or heat-killed) was injected and time-lapse confocal microscopy was performed. GFP-Lc3-*Salmonella* associations were found to be mostly limited to injection of live bacteria, where the bright GFP signal of Lc3 ([Figure 1(c--e)](#F0001)) was observed associated to *S*. Typhimurium internalized by motile phagocytes (see Movies M1 and M2). Approximately 60% of phagocytes that had ingested live bacteria were positive for GFP-Lc3-*Salmonella* associations at 4 hpi, whereas the proportion of GFP-Lc3 positive phagocytes was close to zero in response to injection of heat-killed bacteria ([Figure 1(f](#F0001))). In addition, the dynamics of GFP-Lc3 associations to internalized *S*. Typhimurium was determined in a time course experiment where infected embryos with live *S*. Typhimurium were fixed at 1, 2, 4, 5 and 24 hpi and the proportion of infected phagocytes with Lc3 associations was quantified from confocal images. The highest percentage of GFP-Lc3 recruitment was observed at 4 hpi, which dropped to significantly lower levels at 24 hpi ([Figure 1(g](#F0001))).

*GFP-Lc3 associates to* Salmonella *in different patterns of rings and puncta* {#S0002-S2002}
------------------------------------------------------------------------------

To further describe the intracellular patterns of GFP-Lc3-*Salmonella* associations, we focused on the 4 hpi time point, where the highest observed Lc3 response occurred. We confirmed the presence of a proinflammatory immune response at this stage (Figure S2), in agreement with previous expression profiling studies \[[39](#CIT0039)--[41](#CIT0041),[51](#CIT0051)--[53](#CIT0053)\]. Following intravenous infection, the majority of the *S*. Typhimurium bacteria contained by phagocytes residing in the yolk sac circulation valley or in blood vessels of the tail region ([Figure 2(a](#F0002))) could be classified as Lc3-positive associations (74% of intracellular *Salmonella*) ([Figure 2(b~i-vi,~,c](#F0002))), while the remaining fraction of intraphagocyte *Salmonella* (26%) was observed as Lc3-negative ([Figure 2(bvii-ix](#F0002))). The Lc3-positive associations were observed in different patterns, categorized as (i) a single punctum associated with a single bacterial cell ([Figure 2(b](#F0002)~i~)), (ii) a spacious Lc3 ring around a single bacterial cell ([Figure 2(b](#F0002)~ii~)), (iii) a tight Lc3 ring around a single bacterial cell ([Figure 2(biii](#F0002))), (iv) a spacious Lc3 ring enclosing a cluster of loosely packed bacterial cells ([Figure 2(biv](#F0002))), (v) an Lc3 ring around a dense *mCherry* signal of bacteria where bacterial cell boundaries are not identifiable ([Figure 2(b~v~)](#F0002)), and (vi) multiple Lc3 puncta associating with clusters of bacteria ([Figure 2(b~vi~)](#F0002)). The four different Lc3 ring patterns ([Figure 2(b~ii-v~)](#F0002)) together constituted 45% of all Lc3-positive associations, and the Lc3 puncta were more frequently observed in association with clusters of bacteria (40% of Lc3-positive associations) than in association with single bacterial cells (15% of Lc3-positive associations) ([Figure 2(c](#F0002))). The Lc3-negative intracellular *Salmonella* were observed as single bacterial cells ([Figure 2(b~vii~)](#F0002)), and loosely ([Figure 2(bviii](#F0002))) or tightly packed ([Figure 2(bix](#F0002))) clusters of bacteria that seemed contained inside a vesicular compartment. These different types of vesicles constituted 20%, 21%, and 9% of all intraphagocyte *Salmonella* observations, respectively ([Figure 2(c](#F0002))). In conclusion, Lc3 rings or puncta were observed in association with the majority of bacterial cells or clusters at 4 hpi, which prompted us to further investigate the relevance of this response for the host defense against *Salmonella*.10.1080/15548627.2019.1569297-F0002Figure 2.Types of *Salmonella*-containing vesicles in professional phagocytes. (a) Regions of interest (blue squares) for confocal images of infected phagocytes in the blood circulation in b. (b) Representative confocal micrographs for 6 distinctive patterns of GFP-Lc3 association with *mCherry*-expressing *S*. Typhimurium (b~i~-b~vi~) and 3 types of Lc3-negative cases (b~vii~-b~ix~) observed in motile phagocytes in the tail and yolk sac regions at 4 hpi following systemic infection by caudal vein injection. Under each image the symbolic representation of the pattern is shown. Dotted lines outline the cellular boundaries of the phagocytes and yellow arrows point towards GFP-Lc3 association with bacterial cells. (c) Quantification of types of Lc3-positive and Lc3-negative *Salmonella* associations observed in b. Percentages of the 9 types of Lc3-positive and Lc3-negative vesicles were determined from images of *Salmonella*-infected phagocytes and averaged from 5 embryos (n \> 30 Lc3^+^/Lc3^−^ *Salmonella* associations per embryo, 196 in total). Error bars represent the SD. (d) Region of interest (blue square) in subcutaneously infected embryos for image acquisition through TEM in e to j. (e) TEM micrograph of a heavily infected macrophage with phagocytosed *S*. Typhimurium at 4 hpi, located in the lumen underneath the epidermis. Cytoplasm and nucleus (n) of the cell are pushed towards the cellular periphery and a large number of phagocytosed *S*. Typhimurium cells (S.T) are centrally contained in a large phagosomal compartment. The long white arrow indicates a dividing bacterial cell. The short thick white arrows indicate examples of dissociating *Salmonella* cells recognized by the retraction of the cytoplasm from the inner membrane. The black arrow indicates phagocytosing activity of the macrophage which is enlarged in e'. The yellow arrows in e' point to membrane ruffles of the macrophage formed to enclose extracellular *S*. Typhimurium (1 and 2). Figure S1 shows a broader view of this macrophage in the tissue context. (f) TEM micrograph showing two *S*. Typhimurium-containing compartments. The larger compartment (long arrow) contains cellular debris in addition to bacterial cells (S.T1 and S.T2). The lumen of the smaller vesicle (short thick arrow), which holds a single bacterium (S.T3), is clean. The nucleus (n) and a mitochondrion (mt) in close vicinity of the bacterial compartments are indicated. (g) TEM micrograph of *S*. Typhimurium (S.T1) inside a multi-vesicular body (MVB, long arrow). The short thick arrow indicates a cytoplasmic *Salmonella* cell (S.T2) with intact outer and inner bacterial membrane. (h) TEM of *S*. Typhimurium (S.T1) inside a vesicle that forms tubular extensions into the cytoplasm (arrows). (i) TEM showing *S*. Typhimurium cells (S.T1 and S.T2) inside two single membrane-bound compartments. The presence of ribosomes (arrow) in the internal environment suggests membrane damage. (j) TEM of three *S*. Typhimurium (S.T) cells in the cytoplasm, one of which (S.T1) is replicating. Scale bars: b = 5 μm, e-j = 2 μm, e' = 1 μm.

*Ultrastructural analysis reveals the presence of* Salmonella *in phagosomes and a variety of other subcellular compartments* {#S0002-S2003}
-----------------------------------------------------------------------------------------------------------------------------

In an attempt to visualize *S*. Typhimurium inside the classical double membrane autophagosome compartments, a hallmark of canonical autophagy (xenophagy), we used transmission electron microscopy (TEM). In order to facilitate the localization of infected cells in TEM sections, a localized infection was established by inoculating a high dose of *S*. Typhimurium subcutaneously into the 2 dpf embryos ([Figure 2(d](#F0002))). In our limited number (n = 80) of TEM micrographs from multiple embryos (n = 20), we were not able to identify any *S*. Typhimurium cells residing within a double membrane structure, while diverse other types of *Salmonella* containing vesicles were observed ([Figure 2(e](#F0002)-i)) as well as *Salmonella* residing freely in the cytoplasm ([Figure 2(j](#F0002))). For example, we observed a macrophage attached to the inner layer of the epidermis, where it centrally contains a phagosome with a large number of internalized *S*. Typhimurium ([Figure 2(e](#F0002))), also see Figure S3 showing the cell within the surrounding tissue). The membrane ruffles extending from the observed macrophage to extracellular bacteria in the sub-cutaneous space indicate that this phagocyte was involved in further phagocytosis of bacteria ([Figure 2(e')](#F0002)). Among the phagocytosed bacteria, some showed normal *S*. Typhimurium morphology where bacterial envelopes and cytoplasm were intact. In contrast, other ingested bacteria were identified with unusual morphology where the cytoplasm was found retracted away from the bacterial envelope. Additionally, the intraphagosome environment appeared cloudy and contained debris that could have resulted from dissociating bacteria. This large phagosome could be a possible representative for one of the larger types of Lc3-positive ([Figure 2(biv-vi](#F0002))) or Lc3-negative ([Figure 2(bviii,ix](#F0002))) *Salmonella* containing vesicles with multiple bacteria inside.

Another type of intracellular compartment containing *S*. Typhimurium was observed where a spacious vesicle held two bacterial cells (S.T1 and 2 in [Figure 2(f](#F0002))) but also contained cytoplasmic (membranous) material that might have resulted from intraluminal vesicle formation or from fusion with autophagic vesicles. In the same micrograph, another bacterial cell (S.T3) is observed inside a less expanded SCV, not containing cytoplasmic material, suggesting this structure to have originated from phagocytosis and not from xenophagy. Similar cases were observed in other micrographs (S.T2 in [Figure. 2(g](#F0002),i)).

We also noticed an *S*. Typhimurium cell centrally placed inside a multi-vesicular body (MVB) (S.T1 in [Figure 2(g](#F0002))) and enclosed inside a single membrane compartment. While no conclusions about the relationship between GFP-Lc3 and TEM structures can be drawn in the absence of correlative light and electron microscopy, it is tempting to speculate that the intense and tight ring of Lc3 around a single bacterium in [Figure 2(b~iii~)](#F0002) might correspond to such an MVB structure observed in the TEM analysis. A bacterial compartment forming tubular extensions into the cytoplasm was also observed ([Figure 2(h](#F0002))), which is reminiscent of the formation of *Salmonella* induced filaments, a process known to occur at later stages of SCV formation \[[2](#CIT0002),[54](#CIT0054)\]. Finally, we spotted replicating *S*. Typhimurium cells inside vesicles (S.T1 in [Figure 2(i](#F0002))) as well as within the cytoplasm (S.T1 in [Figure 2(j](#F0002))).

In conclusion, TEM analysis did not provide direct evidence for targeting of *Salmonella* by autophagy, but in agreement with the results of confocal microscopy, it revealed a variety of *Salmonella*-containing compartments, including phagosomes, multivesicular compartments, and other compartments that could have arisen from intracellular vesicle fusion events.

*Macrophages show more Lc3-*Salmonella *associations than neutrophils* {#S0002-S2004}
----------------------------------------------------------------------

In order to determine which phagocyte cell types are involved in the GFP-Lc3 response to *S*. Typhimurium, infected embryos were stained with tyramide signal amplification (TSA) and anti-Lcp1/L-plastin (lymphocyte cytosolic protein 1) immunolabeling, a method that is used to distinguish macrophages and neutrophils \[[55](#CIT0055)--[58](#CIT0058)\]. The fluorescent tyramide substrate is metabolized by the neutrophil-specific myeloperoxidase and the anti-Lcp1 antibody labels all phagocytes, such that macrophages can be identified as Lcp1-positive and TSA-negative cells. Lc3-*Salmonella* associations were not observed in Lcp1-negative cells, indicating that their presence is restricted to phagocytes at the time point of our analysis. It was observed that macrophages (Lcp1-positive/TSA-negative) in the blood circulation of systemically infected embryos ([Figure 3(a](#F0003))) show almost all types of Lc3-*Salmonella* associations recorded earlier ([Figure 3(b~i-vi~)](#F0003) as compared with [Figure 2(b~i-vi~)](#F0002)). Neutrophils (Lcp1/TSA double positive) were also observed with Lc3-*Salmonella* associations ([Figure 3(b~vii,viii~)](#F0003)), however, not all types of Lc3-positive *Salmonella* containing vesicles could be observed in these cells.10.1080/15548627.2019.1569297-F0003Figure 3.GFP-Lc3--*Salmonella* associations in specific phagocyte types. (a) Region of interest (blue square) for confocal images of infected phagocytes in the blood circulation in b. (b) Confocal micrographs in series (i--viii) of distinctive patterns of GFP-Lc3 associations with *mCherry*-expressing *S*. Typhimurium in macrophages (MΦ, TSA negative/Lcp1 positive; i-vi) and neutrophils (NΦ, TSA positive/Lcp1 positive; vii,viii). The dotted lines in the overlay image of the separate channels indicate the cellular boundaries. The symbolic presentations shown next to the images refer to the different types of GFP-Lc3-*Salmonella* associations presented in [Figure 2(b](#F0002)). (c) Quantification of phagocytosing activity of macrophages and neutrophils in systemic and sub-cutaneous infections at 4 hpi. Numbers of infected and non-infected phagocytes were counted from confocal images and the percentages of infected over the total were averaged from five embryos per group. Error bars represent the SD. Macrophages (MΦ) and neutrophils (NΦ) were distinguished by anti-Lcp1 and TSA staining as in b. (d) Quantification of GFP-Lc3-*Salmonella* associations in macrophages and neutrophils at 4 hpi. Numbers of infected phagocytes positive or negative for GFP-Lc3-*Salmonella* associations were counted from confocal images and the percentages of Lc3-positive over the total were averaged from five embryos per group. Error bars represent the SD. Macrophages (MΦ) and neutrophils (NΦ) were distinguished by anti-Lcp1 and TSA staining as in b. Scale bars: b = 2 μm. \*\*\*\*P \< 0.0001, \*\*\*P \< 0.001, \*\*P \< 0.01.

Macrophages are known for readily phagocytosing intravenously injected *Escherichia coli* bacteria at higher rates than neutrophils, whilst neutrophils display a surface-associated phagocytic behavior and are reported to phagocytose bacteria more readily during a sub-cutaneous infection \[[59](#CIT0059)\]. Despite this difference in phagocytic behavior between the cell types, we observed that, in both types of infection routes, macrophages phagocytose *S*. Typhimurium in 2--3-fold higher percentages when compared to neutrophils ([Figure 3(c](#F0003))). Furthermore, irrespective of the infection route, a significantly higher percentage of infected macrophages were scored positive for the presence of GFP-Lc3-*Salmonella* associations as compared to the percentage of infected neutrophils ([Figure 3(d](#F0003))). In conclusion, macrophages show all the above-described GFP-Lc3 ring or puncta patterns in response to *Salmonella* infection. Furthermore, independent of the route of infection, macrophages have higher phagocytic activity against *Salmonella* and more frequently display GFP-Lc3-*Salmonella* associations than neutrophils. These results suggest that macrophages are more critical for the defense response to *Salmonella* than neutrophils at this stage of the infection.

*Macrophage depletion reduces Lc3-*Salmonella *associations and impairs host defense* {#S0002-S2005}
-------------------------------------------------------------------------------------

The results showing that macrophages stand out as the predominant phagocyte cell type responsible for phagocytosing and Lc3 targeting of *S*. Typhimurium in our model, prompted us to investigate how the host would respond to *Salmonella* infection in a state without macrophages. To this end, we took advantage of the metronidazole/nitroreductase system, which has been successfully used for chemically induced ablation of either macrophages or neutrophils in zebrafish embryos \[[60](#CIT0060)--[62](#CIT0062)\]. Metronidazole treatment of embryos expressing a nitroreductase-*mCherry* fusion (NTR-*mCherry*) under control of the macrophage-specific *mpeg1* promoter resulted in specific loss of fluorescent macrophages (Figure S4A,B). In *Salmonella* infection experiments, such ablation of macrophages resulted in 100% mortality of embryos by 24 hpi, while control groups (untreated NTR-*mCherry*, or untreated and treated siblings not expressing NTR-*mCherry*) showed over 40% survival at 48 hpi and over 15% survival at 72 hpi ([Figure 4(a](#F0004))). Ablation of neutrophils was achieved using embryos expressing NTR-*mCherry* under the *mpx* promoter (Figure S4C,D). Neutrophil ablation resulted in lower survival rates of *Salmonella*-infected embryos than observed for the control groups. However, compared to macrophage ablation the effect was relatively minor, with over 60% survival of neutrophil-ablated embryos at 24 hpi, the time point where all macrophage-ablated embryos had died ([Figure 4(a](#F0004))). In agreement with the survival rates, CFU counts were significantly higher in macrophage-ablated than in neutrophil-ablated embryos ([Figure 4(b](#F0004))).10.1080/15548627.2019.1569297-F0004Figure 4.Essential role of macrophages in host defense against systemic *Salmonella* infection. (a) Survival curves of metronidazole-treated ablation groups for macrophages (mpeg1:unm+/Mtz+, red curve) and neutrophils (mpx:unm+/Mtz+, blue curve), and their respective controls (mpeg1:unm+/Mtz-, mpeg1:unm-/Mtz+, mpeg1:unm-/Mtz-, solid lines) and (mpx:unm+/Mtz-, mpx:unm-/Mtz+, mpx:unm-/Mtz-, dotted lines). Embryos were systemically infected by caudal vein injection. One representative of three replicates is shown. Significance is indicated for the difference in survival between the macrophage (mpeg1:unm+/Mtz+, red curve) and neutrophil (mpx:unm+/Mtz+, blue curve) ablation groups. (b) Representative CFU counts of controls and macrophage (red) and neutrophil (blue) ablation groups from a. Five embryos per time point were used and the log-transformed CFU data are shown with the geometric mean per time point. In case of the macrophage ablation group, dead embryos were used for CFU plating at the 24 hpi time point. One representative of three replicates is shown. (c) Survival curves of control and *irf8* knockdown larvae in systemic and sub-cutaneous infection experiments. Significance is indicated for the difference between the systemically infected control and *irf8* knockdown groups and for the sub-cutaneously infected control and *irf8* knockdown groups. One representative of three replicates is shown. (d) Representative CFU counts of control and *irf8* knockdown larvae in systemic and sub-cutaneous infection experiments. Five embryos/larvae per time point were used and the log transformed CFU data are shown with the geometric mean per time point. (e) Regions of interest (blue squares) for quantification of GFP-Lc3-Salmonella associations in infected phagocytes in the blood circulation or in the sub-cutaneous area in f. (f) Quantification of GFP-Lc3-*Salmonella* associations during systemic and sub-cutaneous infection in control and *irf8* knockdown embryos at 4 hpi. Numbers of infected phagocytes positive or negative for GFP-Lc3-*Salmonella* associations were counted from confocal images and the percentages of Lc3-positive over the total were averaged from five embryos per group. Error bars represent the SD. \*\*\*\*P \< 0.0001, \*P \< 0.1.

Next, we used a second strategy to further explore the impact of macrophage ablation. To this end, we used an interferon regulatory factor-8 (*irf8*) knockdown approach, where zebrafish myelopoiesis is reoriented and no macrophages are produced, whilst almost doubling the number of neutrophils \[[63](#CIT0063)\]. This method has been successfully applied to zebrafish infection models \[[62](#CIT0062),[64](#CIT0064),[65](#CIT0065)\]. The morpholino-mediated *irf8* knockdown was validated by imaging macrophages and neutrophils in double transgenic *Tg(mpeg1:mCherry)* and *Tg(mpx:egfp)* zebrafish and resulted in embryos with almost no macrophages but expanded neutrophil numbers at 2 dpf, the time of *S*. Typhimurium infection, confirming the efficacy of this knockdown strategy (Figure S4E and F). We found that macrophage-depleted embryos were hypersusceptible to *S*. Typhimurium infection as most of the *irf8* knockdown subjects died within 24 hpi regardless of the route of infection ([Figure 4(c](#F0004))). In addition, CFU counts revealed that in the absence of macrophages, the infection progresses faster as the bacterial numbers at 24 hpi were significantly higher in *irf8* knockdown compared to the controls ([Figure 4(d](#F0004))). Subsequently, we investigated the effect of *irf8* knockdown on GFP-Lc3-*Salmonella* associations. Because IRF8 has been reported to regulate autophagy \[[66](#CIT0066)\], we checked that *irf8* knockdown did not detectably affect GFP-Lc3 levels in uninfected embryos, neither in presence nor in the absence of bafilomycin A~1~, an inhibitor of autophagic flux (Figure S6B,C and B',C'). In addition, confocal microscopy, combined with double staining with anti-Lcp1 and TSA was used to confirm the macrophage depletion and neutrophil expansion in GFP-Lc3 *irf8* knockdown embryos (Figure S4G-L) in systemic and subcutaneous infection models. Both the intravenous and sub-cutaneous infection routes led to higher percentages of infected phagocytes with Lc3-*Salmonella* associations in control embryos compared with the *irf8* knockdown groups, supporting that the Lc3 response observed is mainly driven by macrophages ([Figure 4(e,f)](#F0004)).

*Lc3-*Salmonella *associations are Atg5-dependent and Atg13-independent* {#S0002-S2006}
------------------------------------------------------------------------

A number of ATG proteins play essential roles during the process of autophagy. We wanted to determine the type of Lc3-*Salmonella* associations observed as evidence of either canonical autophagy or an autophagy-related process and therefore investigated the role of components of the ATG-machinery. ATG5 forms a complex with ATG12 and is required for autophagosome formation \[[67](#CIT0067)\]. To determine the impact of zebrafish Atg5 in our *Salmonella* infection model, we took advantage of a previously described *atg5* morpholino knockdown strategy \[[68](#CIT0068),[69](#CIT0069)\]. Since *atg5* depletion can cause lethality in zebrafish larvae from 4 dpf \[[69](#CIT0069)\], we used a partial *atg5* knockdown approach to avoid this early lethality such that survival rates of *Salmonella*-infected larvae could be studied until 5 dpf (72 hpi). To this end, we titrated the morpholino down to a level at which uninfected larvae showed no lethality or developmental aberrations over the time frame of our experiments. We verified the efficacy of the *atg5* morpholino on autophagy inhibition by demonstrating a significant reduction of GFP-Lc3 levels in bafilomycin A~1~-treated *atg5* knockdown embryos compared with control embryos (Figure S6D,E and D',E'). Despite of studying a partial *atg5* knockdown phenotype, it could be concluded that Atg5 is required for host defense against *S*. Typhimurium as control embryos had significantly higher survival rates during *Salmonella* infection when compared to the *atg5* knockdown group ([Figure 5(b](#F0005))). In agreement, control embryos were able to curtail bacterial infection better than *atg5* knockdown embryos as based on CFU counts ([Figure 5(c](#F0005))). Quantification of the GFP-Lc3-*Salmonella* associations ([Figure 5(d,d')](#F0005)) confirmed the importance of Atg5 for this response as controls showed a significantly higher percentage of GFP-Lc3-positive infected phagocytes when compared to *atg5* knockdown embryos ([Figure 5(e](#F0005))).10.1080/15548627.2019.1569297-F0005Figure 5.Roles of autophagy-related proteins in the host response to *Salmonella* infection. (a) Region of interest (blue square) for confocal image acquisition of infected phagocytes in the blood circulation in d, h, l and p. (b, f, j and n) Survival curves of systemic *S*. Typhimurium infection experiments of *atg5* (b), *atg13* (f), *rubcn* kd(1) (j) and *rubcn* kd(2) (n) morpholino knockdown groups with their respective control morpholino-injected groups. Kd1 and kd2 refer to use of translation blocking (MO1-*rubcn*) and splice blocking (MO2-*rubcn*) morpholinos, respectively. For each comparison one representative of three replicates is shown. Survival was scored at 24, 48 and 72 hpi, following infection at 48 hpf. (c, g, k and o) Representative CFU counts of the *S*. Typhimurium infections of *atg5* (c), *atg13* (g), *rubcn* kd(1) (k) and *rubcn* kd(2) (o) morpholino knockdown groups with their respective controls at 24 hpi. Five embryos/larvae per time point were used and the log transformed CFU data are shown with the geometric mean per time point. (d, h, l and p) Representative confocal images of *atg5* (d'), *atg13* (h'), *rubcn* kd(1) (l') and *rubcn* kd(2)' (p') morpholino knockdown embryos with their respective controls (d, h, l and p) at 4 hpi. (e, i, m and q): Quantification of GFP-Lc3-*Salmonella* associations in *atg5* (e), *atg13* (i), *rubcn* kd(1) (m) and *rubcn* kd(2) (q) morpholino knockdown groups with their respective controls at 4 hpi. Numbers of infected phagocytes positive or negative for GFP-Lc3-*Salmonella* associations were counted from confocal images and the percentages of Lc3-positive over the total were averaged from five embryos per group. Error bars represent the SD. Scale bars: 10 μm. \*\*\*\*P \< 0.0001, \*\*\*P \< 0.001, \*\*P \< 0.01, \*P \< 0.05, ns = non-significant.

Because Atg5 is required in both canonical autophagy \[[70](#CIT0070)\] and autophagy-related processes \[[7](#CIT0007),[14](#CIT0014),[16](#CIT0016)\], the loss of this protein mediated by *atg5* knockdown did not reveal whether Lc3-*Salmonella* associations observed in our model are related to entrapment of *Salmonella* in autophagosomes (xenophagy) or could be due to Lc3 recruitment to phagosomes (LAP). Therefore, we knocked down *atg13*, encoding a component of the Ulk1 preinitiation complex, which is required only for canonical autophagy \[[26](#CIT0026)\]. Similar as for *atg5* knockdown, efficacy of the *atg13* morpholino was validated with a functional analysis using bafilomycin A~1~ to block autophagic flux, wherein *atg13* knockdown resulted in significantly lower GFP-Lc3 signal accumulation as compared to controls after bafilomycin A~1~ treatment at 2 dpf (Figure S6F,G and F',G'). Knockdown of *atg13* had no significant effect on survival rates during infection ([Figure 5(f](#F0005))), and bacterial burdens within controls and *atg13* morphants did not differ from each other ([Figure 5(g](#F0005))). These results indicate that the Ulk1-Atg13-Rb1cc1/Fip200 complex is not required for the observed host defense response against *Salmonella*. Subsequent quantification of GFP-Lc3-*Salmonella* associations supported the non-essential role of the Ulk1 complex as both controls and *atg13* morphants had similar numbers of Lc3-positive infected phagocytes ([Figure 5(h-i)](#F0005)). Collectively, these data support the hypothesis that Lc3-*Salmonella* association is mediated by the Ulk1-independent LAP pathway in our model.

*Rubcn plays a major role in the Lc3-mediated anti-*Salmonella *defense response* {#S0002-S2007}
---------------------------------------------------------------------------------

RUBCN is a BECN1 partner that negatively regulates canonical autophagy and has recently been identified as a molecular switch between autophagy and LAP \[[23](#CIT0023)\]. Therefore, we investigated its importance in our model using a knockdown approach of the *rubcn* gene with two different morpholinos, targeting either the translation start site or an intron-exon boundary. This study revealed a significant role for Rubicon in host defense as *Salmonella*-infected control larvae had significantly higher survival rates and lower bacterial burdens as compared to both *rubcn* knockdown groups ([Figure 5](#F0005)([j,k](#F0005) and [n,o](#F0005))). Furthermore, *rubcn* knockdown using either of the two morpholinos significantly reduced the percentage of Lc3-positive infected phagocytes as compared to control embryos ([Figure 5(l](#F0005),m and p,q)). In contrast to the reduction of Lc3-*Salmonella* associations, we observed no effect of the *rubcn* morpholinos on GFP-Lc3 levels in uninfected embryos in presence or absence of bafilomycin A~1~ (Figure S6H-K and H'-K'). The efficacy of *rubcn* knockdown with splice blocking morpholino was verified by reverse transcriptase PCR (RT-PCR), showing an alternatively spliced transcript and a near complete loss of the control transcript. (Figure S5A). Together, the Atg13 independency and the requirement of Rubcn point towards LAP as a host defense response towards *S*. Typhimurium infection.

*The Lc3 response to phagocytosed* Salmonella *is strictly NADPH oxidase-dependent* {#S0002-S2008}
-----------------------------------------------------------------------------------

To provide further evidence that *Salmonella* is targeted by LAP during systemic infection, we investigated the role of the ROS-producing enzyme complex NADPH oxidase, which has been shown to be stabilized on the phagosomal membrane by Rubcn \[[20](#CIT0020)\]. To this end, we targeted the Cyba/p22phox (cytochrome b-245, alpha polypeptide) subunit of NADPH oxidase, using a published morpholino knockdown approach \[[71](#CIT0071),[72](#CIT0072)\]. The knockdown of *cyba* was validated by RT-PCR (Figure S5B) and we verified that the morpholino did not affect GFP-Lc3 levels of uninfected embryos in the presence or absence of bafilomycin A~1~ (Figure S6L,M and L',M'). In *S*. Typhimurium infection experiments, control embryos showed significantly higher survival rates and were able to curtail bacterial infection better than *cyba*-deficient embryos ([Figure 6(b,c)](#F0006)). In addition, GFP-Lc3 recruitment to *Salmonella* compartments was almost completely abolished by *cyba* knockdown ([Figure 6(d](#F0006)-e)).10.1080/15548627.2019.1569297-F0006Figure 6.Requirement of NADPH oxidase for Lc3-mediated host defense against *Salmonella.*(a) Region of interest (blue square) for confocal image acquisition of infected phagocytes in the blood circulation in d and d'. (b) Survival curves of *S*. Typhimurium-infected control and *cyba* knockdown embryos. One representative of three replicates is shown. (c) Representative CFU counts of *S*. Typhimurium- infected control and *cyba* knockdown embryos. Five embryos/larvae per time point were used and the log transformed CFU data are shown with the geometric mean per time point. (d) Representative confocal images of control (d) and *cyba* (d') knockdown embryos at 4 hpi. (e) Quantification of GFP-Lc3-*Salmonella* associations in control and *cyba* knockdown embryos at 4 hpi. Numbers of infected phagocytes positive or negative for GFP-Lc3-*Salmonella* associations were counted from confocal images and the percentages of Lc3-positive over the total were averaged from five embryos per group. Error bars represent the SD. (f) Region of interest (blue square) for confocal image acquisition of infected phagocytes in the blood circulation of *Tg*(*mpeg1:mCherry-F*) embryos in g-i. Red stars symbolize the mCherry-expressing macrophages in the transgenic line used for this experiment. (g-i) Representative confocal images of Tg(*mpeg1:mCherry-F*)*^umsF001^* embryos at 4 hpi following injection of a *Salmonella* ROS biosensor strain into control (g), and *rubcn* kd(2) (h) or *cyba* morpholino knockdown groups (i). The ROS biosensor strain expresses a constitutive mCherry marker and the GFP signal indicates ROS biosensor activation. Macrophages in the *Tg(mpeg1::mCherry-F*) line express a farnesylated mCherry protein localizing to membranes (arrows) and therefore the signal is separated from bacterial mCherry signal. (j) Quantification of ROS biosensor activation at 4 hpi in control, *rubcn* kd(2) and *cyba* morpholino knockdown groups of *Tg*(*mpeg1::mCherryF*) embryos at 4 hpi. Numbers of macrophages showing ROS biosensor activation (GFP and mCherry bacterial signals) or without ROS biosensor activation (*mCherry* bacterial signal only) were counted from confocal images and the percentages of ROS biosensor-positive over the total were averaged from five embryos per group. Error bars represent the SD. Scale bars: 10 μm. \*\*\*\*P \< 0.0001, \*\*P \< 0.01, \*P \< 0.1.

To demonstrate that ingested *Salmonella* is targeted by intraphagocyte ROS, we used an *S*. Typhimurium biosensor strain that constitutively expresses *mCherry* and contains a GFP reporter under the control of the katGp promoter, which is activated when bacterial cells are exposed to ROS from the host \[[73](#CIT0073)\]. Activation of this ROS biosensor was shown to occur inside *mpeg1:mCherry-F* labeled macrophages ([Figure 6(f](#F0006),g)), and this activation was strictly dependent on both *rubcn* ([Figure 6(h](#F0006),j)) and *cyba* ([Figure 6](#F0006)(i,j)). The requirement of *rubcn* and *cyba* for activation of the ROS biosensor was confirmed in non-transgenic (AB/TL) zebrafish embryos (Figure S7). Collectively, our results show that Lc3 association with the *Salmonella*-containing compartments as well as ROS production in the infected cells occurs by a mechanism dependent on Rubcn and NADPH oxidase activity. The essential role of these proteins indicates that LAP is the process that targets *Salmonella* inside phagocytes, predominantly macrophages, in our model. Furthermore, we conclude that LAP is a host-beneficial response that restricts the intracellular replication of *S*. Typhimurium.

Discussion {#S0003}
==========

Autophagy and related processes have emerged as important innate immune defense mechanisms against intracellular bacterial infections, and several pathogens, including *Salmonella*, are known to have evolved mechanisms to counteract the host autophagy response \[[4](#CIT0004)--[6](#CIT0006),[8](#CIT0008)--[12](#CIT0012),[74](#CIT0074)--[76](#CIT0076)\]. Macrophages are the key cell type responsible for dissemination of *Salmonella* during systemic typhoid disease. Yet, it is not known whether the autophagy machinery of macrophages plays a host protective role or might be exploited by pathogenic *Salmonellae*. In this study we used zebrafish embryos as a model host for *S*. Typhimurium to address this question on whole organism level. Using combined *in vivo* imaging and genetic approaches we demonstrate that macrophages target *S*. Typhimurium by an autophagy-related process known as LAP, where Lc3 is directly recruited to phagocytosed bacteria in a manner dependent on the activation of ROS production in the *Salmonella*-containing compartment. This conclusion is supported by data showing that GFP-Lc3-*Salmonella* association and restriction of bacterial growth required the functions of Atg5, Rubcn, and the Cyba component of NADPH oxidase, while independent of Atg13, a component of the Ulk1 preinitiation complex whose function is limited to canonical autophagy.

In addition to macrophages, neutrophils are also known to play an important role in host defense against *Salmonella* infection \[[73](#CIT0073),[77](#CIT0077),[78](#CIT0078)\]. However, in our study macrophages stood out as the predominant cell type targeting *Salmonella* and showed higher phagocytic activity against blood borne as well as sub-cutaneous bacteria. Chemical ablation of macrophages strongly impaired the ability of zebrafish embryos to survive *Salmonella* infection, whereas neutrophil ablation led to comparatively minor increases in bacterial burden and embryo mortality. In addition, a genetically induced increase in neutrophil numbers at the expense of macrophages was detrimental to host defense against *Salmonella* infection. Furthermore, the majority of Lc3-*Salmonella* associations were observed in macrophages. It has previously been shown that *S*. Typhimurium causes programmed cell death of macrophages in an autophagy-dependent manner \[[19](#CIT0019)\]. Whether this autophagy-induced macrophage cell death restricts *Salmonella* replication or promotes pathogenesis is not known. We did not study the effects of autophagy or LAP inhibition on the life span of infected macrophages, and it is well possible that Lc3 activation in our model could be linked with macrophage cell death when these cells reach the stage that they are no longer able to control *Salmonella* growth. However, it is clear from our data that Lc3 activation is an early response that is dependent on phagosomal ROS production, restricting bacterial replication at least for a limited period of time.

*S*. Typhimurium may defend itself against the observed defense responses of phagocytes by inhibiting Lc3 activation and NADPH oxidase or by expressing genes involved in detoxification of ROS, such as *katG*. Consistent with this hypothesis, Lc3 recruitment was not observed in all infected macrophages, and only a subset of bacteria in the infected macrophages expressed a *katGp*-driven ROS biosensor gene. The heterogeneous activation of this biosensor is consistent with studies in mice, which furthermore suggested that sub-lethal ROS production in resident macrophages allows *Salmonella* to spread and persist in the infected host \[[73](#CIT0073)\]. In agreement with this work, we find that deficiency in autophagy genes and NADPH oxidase impairs zebrafish host defense, but autophagy and NADPH oxidase competent hosts are unable to fully control *S*. Typhimurium replication as 75% of infected individuals eventually succumb to infection. We also found that macrophage ablation led to more severe reduction of zebrafish host resistance than knockdown of autophagy genes or NADPH oxidase. Together, these results suggest that the Lc3/ROS response is important for host defense, but not the only mechanism that macrophages use to control *Salmonella* infection.

That LAP could be involved in the response of phagocytes against *Salmonella* infection follows from an early study, in which targeting of LC3 to phagosomes was observed in neutrophils isolated from wild-type but not from *Cybb*/*Nox2^−/-^* mice that lack NADPH oxidase activity \[[7](#CIT0007)\]. Since then, LAP has been defined as a process wherein ROS production and LC3 recruitment are tightly coupled due to interaction between RUBCN and NADPH oxidase, and that is independent of the ULK1 preinitiation complex \[[20](#CIT0020),[23](#CIT0023)\]. Lc3-*Salmonella* association in our model fulfilled all these criteria, consistent with LAP as the underlying mechanism. In agreement with other studies of RUBCN and LAP in human and mouse models, we found that *rubcn* depletion in *Salmonella*-infected zebrafish abolished the host Lc3 response as well as the ROS response \[[20](#CIT0020),[23](#CIT0023),[26](#CIT0026)\]. In contrast, *RUBCN* knockdown led to enhanced ROS production in human neutrophils during phagocytosis of serum-opsonized zymosan \[[79](#CIT0079)\]. These different effects of RUBCN can be explained by opposite effects on PtdIns3K activity dependent on different interaction partners, UVRAG (UV radiation resistance associated) or NADPH oxidase \[[24](#CIT0024)\]. In the study of human neutrophils, it is proposed that binding of RUBCN to UVRAG prevents PtdIns3K activation on the phagosomal membrane, analogous to the described mechanism of autophagy inhibition by RUBCN \[[25](#CIT0025)\]. In LAP, RUBCN is thought to interact with the NCF4 and CYBA subunits of NADPH oxidase and to stimulate LC3 recruitment by activating PtdIns3K \[[20](#CIT0020),[23](#CIT0023),[26](#CIT0026)\]. We showed that deficiency in three essential components of LAP, Rubcn, Cyba and Atg5, impaired not only the Lc3/ROS responses but also the resistance of the zebrafish host against *S*. Typhimurium infection. A critical role for LAP in innate immunity was previously demonstrated in *Aspergillus fumigatus* and *Listeria monocytogenes* infection experiments using *Rubcn*-deficient or *Rubcn*-overexpressing mice \[[23](#CIT0023)\]. Together, the studies in two different preclinical animal models, zebrafish and mice, highlight LAP as a critical and evolutionary conserved host defense mechanism against both fungal and bacterial infections.

The major role for LAP identified in our study does not exclude that canonical forms of autophagy are also involved in the response of the zebrafish host to *S*. Typhimurium. In fact, we observed a variety of GFP-Lc3 patterns associated with *Salmonella* bacteria in infected macrophages. Furthermore, besides bacteria residing in phagosomes, TEM analysis revealed *Salmonella* in multivesicular compartments and in other vesicles containing cytoplasmic material, suggesting the possible involvement of autophagy. Although this cytoplasmic content could be derived from intraluminal vesicles, it might also be the result of fusion between autophagosomes and phagocytic compartments, which generates amphisomes \[[80](#CIT0080)\]. It is conceivable that the decoration of phagosomes with Lc3 could promote such fusion processes. We also noted that, at the time point of our analysis (4 hpi), some bacteria were already present freely in the cytosol of the infected phagocytes, and therefore xenophagy, a common process in *Salmonella*-infected epithelial cells, could become important at later stages of infection following the escape of *Salmonella* from LAPosomes \[[5](#CIT0005),[8](#CIT0008)--[11](#CIT0011),[13](#CIT0013)\]. Comparison between the *cyba* and *rubcn* knockdown effects in our study also provides an indication for different autophagy-related processes to be at play. Inhibition of NADPH oxidase activity by *cyba* knockdown was equally effective in abolishing ROS biosensor activation as knockdown of *rubcn*. However, despite that both factors are required for LAP, depleting *cyba* almost completely abolished GFP-Lc3-*Salmonella* associations, whereas GFP-Lc3-*Salmonella* associations were reduced but not absent under *rubcn* knockdown conditions. Since Rubcn is known to function as an inhibitor of canonical autophagy and an inducer of LAP \[[20](#CIT0020),[23](#CIT0023),[25](#CIT0025),[26](#CIT0026)\], it is possible that depletion of Rubcn increases the escape of *Salmonella* from phagosomes and the subsequent targeting of cytosolic bacteria by xenophagy.

In conclusion, our study provides evidence that LAP serves as a host protective mechanism of macrophages limiting systemic infection with *Salmonella*. Together with the fact that LAP has also been shown to protect against *Aspergillus* and *Listeria* infections \[[23](#CIT0023),[81](#CIT0081)\], this warrants further investigation into the development of therapeutic strategies promoting LAP as a host-directed approach to infectious disease treatment.

Materials and methods {#S0004}
=====================

Zebrafish lines and maintenance {#S0004-S2001}
-------------------------------

Zebrafish adults and embryos were handled in compliance with local animal welfare regulations and maintained according to standard protocols (zfin.org). Breeding of zebrafish adults was approved by the local animal welfare committee (DEC) of the University of the Leiden, under license number 10612 and in compliance with international guidelines specified by the EU Animal Protective Directive 2010/63/EU. All studies in this work was performed on embryos/larvae before the free feeding stage, no adult fish were sacrificed, and experiments did not fall under animal experimentation law according to the EU Animal Protection Directive 2010/63/EU.

Fish lines used for the present work were wild-type (wt) strain AB/TL, transgenic lines *Tg(CMV:GFP-map1lc3b)^zf155^* \[[50](#CIT0050)\], *Tg(mpeg1:mCherry-F)^ump2^* \[[82](#CIT0082)\], *Tg(mpx:egfp)^i114^* \[[83](#CIT0083)\], *Tg(mpeg1:GAL4^gl24^/UAS-E1b:nfsB-mCherry^i149^)* \[[84](#CIT0084),[85](#CIT0085)\] and *Tg(mpx:GAL4^i222^/UAS-E1b:nfsB-mCherry^i149^)* \[[85](#CIT0085),[86](#CIT0086)\]. Embryos from adult fish were obtained by natural spawning and were kept at 28.5°C in egg water (Sera Marin salt, 05420; 60 μg/ml sera marin in distilled deionized water,). PTU (Sigma Aldrich, P7629;0.003% solution of 1-phenyl-2thiourea in PBS (0.8 NaCl%, 0.02% KCl, 0.02 M PO~4~, in distilled deionized water, pH 7.3)) was added to egg water to prevent melanization of embryos. For infection delivery and live imaging experiments embryos were anaesthetized in egg water with 0.02% buffered Tricaine (Sigma Aldrich, A-5040; 400 mg of 3-aminobenzoic acid ethyl ester in 97.9 ml of distilled deionized water, pH adjusted \~7 with 1 M Tris \[pH 9\]).

Bacterial cultures and infection experiments {#S0004-S2002}
--------------------------------------------

*Salmonella* Typhimurium strains used for this study included wild type (wt) strain SL1344 \[[87](#CIT0087)\] constitutively expressing *mCherry*, and a ROS biosensor strain (SL1344 *sifBp::mCherry/*p*katGp-gfpOVA)* \[[73](#CIT0073)\] constitutively expressing *mCherry* and expressing an unstable GFP variant (GFP-OVA) under an OxyR-activated promoter upon exposure to ROS from the host. The bacterial strains were plated from −80 stocks over LB agar plates (Sigma Aldrich, L2897) with appropriate antibiotics and were left overnight to grow at 37°C. Before the start of infection experiments colonies from LB agar plates were suspended into phosphate buffered saline (PBS) supplemented with polyvinylpyrrolidone-40 (Sigma Aldrich, PVP40; 2% in PBS) to obtain the low dose (200--400 CFU, for survival curves and CFU counts experiments) or high dose (2000--4000 CFU, for imaging experiments). Bacterial inoculum was injected systemically into the caudal vein of the anaesthetized embryos at 2 dpf or the local infections were established with infection delivery under the skin layers of a somite in the tail region. To check the inoculum size, the same dose was spotted onto agar plates, and bacterial counts determined following overnight incubation. After infection, embryos were kept individually in egg water in 48-well plates (Sigma Aldrich, SIAL0548) to score survival during larval development up to 5 dpf and to collect individuals for CFU counts at 24 h intervals.

*Determination of* in vivo *bacterial (CFU) counts* {#S0004-S2003}
---------------------------------------------------

Five embryos/larvae per time point were sacrificed and homogenized in PBS using the Bullet Blender Tissue Homogenizer (Next Advance Inc., USA). Homogenates were then serially diluted, and three technical replicates for each embryo/larva were plated on LB solid media with the appropriate antibiotics for *S*. Typhimurium. To determine the CFUs, the resulting colonies were counted manually after 24 h incubation at 37°C.

Gene expression analysis {#S0004-S2004}
------------------------

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific/Invitrogen, 15596026) according to the manufacturer's instructions and extracted with RNeasy Min Elute Clean up kit (QIAGEN, 154015861,). Reverse transcription reaction was performed using iScript cDNA synthesis kit (Bio-Rad, 170--8891) with 0.5 µg of total RNA as input. The mRNA expression levels were determined by quantitative real-time PCR using iQSYBR Green Supermix (Bio-Rad, 170--8882) and Single color Real-Time PCR Detection System (Bio-Rad, U.S) as previously described \[[39](#CIT0039)\]. The following primers were used to detect the expression level of *tbp* (TATA-box binding protein; reference gene), forward: CCTGCCCATTTCAGTC and reverse: TGTTGTTGCCTCTGTTGCTC; *il1b* (interleukin 1b), forward: TGTGTGTTTGGGAATCTCCA and reverse: TGATAAACCAACCGGGACA; *tnfa* (tumor necrosis factor a), forward: CAAAGACACCTGGCTGTAGAC and reverse: AGACCTTAGACGAGAGATGAC; *mmp9* (matrix metallopeptidase 9), forward: CATTAAAGATGCCCTGATGTATCCC and reverse: AGTGGTGGTCCGTGGTTGAG.

Morpholino knockdowns, RT-PCR and pharmacological verification {#S0004-S2005}
--------------------------------------------------------------

Morpholino oligonucleotides (Gene Tools) were diluted in Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO~4~, 0.6 mM Ca(NO~3~)~2~, 5.0 mM HEPES; pH 7.6) to obtain the required concentrations. 1 nl volume of morpholino was injected into the yolk of 0 hours post fertilization (hpf) zebrafish embryos with microneedles and a Femtojet injector (Eppendorf, Germany) paired with a stereo-microscope (Leica, Germany). All morpholinos were used at concentrations that caused no developmental aberrations and did not affect survival compared with uninjected controls. As control 1 nl of the standard control morpholino by Gene Tools was injected in same concentration as the other morpholinos.

Knockdown of *rubcn* was achieved with a translation blocking morpholino (MO1-rubcn, ATCTTGATCCTCAGGTAATGCAGGT at 1 mM) and a splice blocking morpholino (MO2-rubcn, CGCTGTGAAATCTGCTGACCTGAGC at 0.25 mM). Knockdown of *rubcn* with MO2-rubcn was verified by RT-PCR with a pair of primers flanking the e6i6 boundary, Forward: TCTTATCAGCGCAGCTCAAAC and Reverse: GTGAAAATGGACCACAGCTCTT (Figure S5). Knockdown of *cyba* was performed using a published splice blocking morpholino (ATCATAGCATGTAAGGATACATCCC at 1 mM) \[[71](#CIT0071)\] and verified by RT-PCR using described primer sequences (Forward: ATGGCGAAGATTGAGTGGGCGAT and Reverse: GCTGCAGCATGGAGGTTATCTGCT) \[[72](#CIT0072)\]. Knockdown of *irf8* was performed using a published splice blocking morpholino (AATGTTTCGCTTACTTTGAAAATGG at 1 mM) \[[63](#CIT0063)\] and efficacy was verified by fluorescence imaging of macrophages and neutrophils (Figure S4).

Morpholino knockdown of *atg5* (CATCCTTGTCATCTGCCATTATCAT and *atg13* was achieved using published translation blocking morpholinos (*atg5*: CATCCTTGTCATCTGCCATTATCAT at 0.5 mM; *atg13*: GGCTCAGATCACTATCCATTGTCGC at 1 mM) \[[68](#CIT0068),[88](#CIT0088)\] and was verified with functional analysis by quantification of GFP-Lc3 levels after incubation with bafilomycin A~1~ (Sigma Aldrich, B1793-10UG). Control and *atg5* or *atg13* knockdown embryos (n = 24) were bath treated with 100 μM bafilomycin A~1~ in egg water for 12 hours starting at 48 hpf. In parallel, control and *atg5* or *atg13* knockdown embryos were bathed only in egg water (without bafilomycin A~1~) as negative control groups of the treatment. Embryos from all groups were quickly washed with egg water and were immediately fixed in 4% PFA (Thermo Scientific, LE146786) for 24 hours. Subsequently 5 embryos per group were randomly selected for imaging in the tail fin region to detect reduction of GFP-Lc3 levels using confocal microscopy (Figure S6). The same procedure was applied to verify that the morpholinos for *rubcn, irf8* and *cyba* did not affect GFP-Lc3 levels.

Macrophage and neutrophil ablation with the metronidazole/nitroreductase system {#S0004-S2006}
-------------------------------------------------------------------------------

Zebrafish embryos from heterozygous transgenic lines *Tg(mpeg1:GAL4/UAS-E1b:nfsB-mCherry)* \[[84](#CIT0084),[85](#CIT0085)\] and *Tg(mpx:GAL4/UAS-E1b:nfsB-mCherry*) \[[85](#CIT0085),[86](#CIT0086)\] were screened at 24 hpf under a stereo fluorescence microscope for signal of the nitroreductase-*mCherry* fusion protein in macrophages (driven by *mpeg1:GAL4*) or neutrophils (driven by *mpx:GAL4*). Embryos with strong fluorescent signals expressed by the majority of their macrophages or neutrophils were selected and are referred to as mpeg1:unm+ and mpx:unm+, respectively. The embryos with complete absence of fluorescently-tagged macrophages or neutrophils were used as controls, referred to as mpeg1:unm- and mpx:unm-. The screened larvae of all groups, mpeg1:unm+, mpx:unm+, mpeg1:unm- and mpx:unm-, were further divided into two subgroups, one for treatment with metronidazole (Sigma Aldrich, M3761) and one to serve as untreated control. Metronidazole solution was freshly prepared just before the treatment at 5 mM strength in 0.2% DMSO in egg water \[[61](#CIT0061)\]. For the macrophage ablation experiments, dechorionated 33 hpf old embryos of mpeg1:unm+ and mpeg1:unm- were incubated in metronidazole solution for 15 h in the dark at 28°C, and subsequently infected with *S*. Typhimurium at 48 hpf. Control groups were similarly treated with 0.2% DMSO in egg water. For the neutrophil ablation experiments, the same treatment was applied on mpx:unm+ and mpx:unm- embryos, but, for achieving complete neutrophil ablation, an additional 24 h treatment with metronidazole solution was applied following *S*. Typhimurium infection. Macrophage and neutrophil ablations were verified post treatment under a stereo fluorescence microscope (Figure S4A-D).

Whole mount immunohistochemistry and TSA staining {#S0004-S2007}
-------------------------------------------------

Identification of macrophages and neutrophils was facilitated by immunolabeling with leukocyte specific anti-Lcp1 antibody (paired with secondary antibody staining with Alexa Fluor 405, combined with neutrophil specific Tyramide Signal Amplification (TSA) paired with Cyanine-5 (PerkinElmer,01072016). Embryos were fixed at 4 hpi in 4% paraformaldehyde (PFA) in PBS-TX (1X PBS supplemented with 0.8% of Triton X-100 (Sigma Aldrich, X100) overnight and proceeded for anti-Lcp1 antibody staining and TSA as previously described \[[58](#CIT0058)\].

Imaging and image analysis {#S0004-S2008}
--------------------------

Stereo Fluorescence images (Figure S4) were acquired with an MZ16FA microscope (Leica, Germany) equipped with a DFC420C digital color camera (Leica, Germany). Confocal laser scanning images and time lapse movies were acquired using a 63x water immersion objective (NA 1.2) with a Leica (TCS SPE system, Germany), (micrographs in [Figure 1](#F0001), [2](#F0002), [5](#F0005) and [6](#F0006); Figsure S6 and S7, Movies M1 and M2) or a 63x oil immersion objective (NA 1.4) Zeiss Observer (6.5.32, Germany), (micrographs in [Figure 3](#F0003) and Figure S4).

For live imaging and recording of time lapses, embryos were mounted in 1% low-melting-point agarose (Sphaero Q,) and in the case of fixed sample imaging, embryos were fixed in 4% PFA and washed with PBS before image acquisitions. GFP-Lc3-*Salmonella* associations were determined by imaging the region of the tail just behind the yolk extension. Images were analyzed through Z-stacks in Leica LAS AF Lite software and bacterial clusters were observed and manually counted in the overlay channel. Max projections in the overlay channels were used for representative images. For images acquired under the Zeiss Observer, the Z-stack projection function of Fiji software at maximum intensity was used to make composite images of different channels acquired.

For quantification of GFP-Lc3 recruitment within infected phagocytes, for each embryo, the total number of observable phagocytes were manually counted through the Z-stacks of the acquired confocal image. Phagocytes were identified in the yolk sac circulation valley by bacterial clusters in the *mCherry* channel and cellular boundaries of phagocytes were determined in the light transmission channel. Among these total observable infected phagocytes, the numbers of cells with GFP-Lc3 signal in association with *Salmonella* bacteria were counted and the percentage of Lc3-positive phagocytes over the total observable phagocytes was determined for each embryo. The same approach was used to quantify the percentage of phagocytes showing activation of the *Salmonella* ROS biosensor strain.

For bafilomycin A~1~ treatment experiments, embryos from all four groups were washed with 1XPBS-Tx and imaged in the caudal fin region using a 63x water immersion objective (NA 1.2) with a Leica TCS SPE system. Five embryos per group were imaged in three separate replicates and GFP-Lc3 signal was quantified as fluorescent pixels with a described pixel count program \[[89](#CIT0089)\] for five embryos per group in three replicates.

For transmission electron microscopy embryos were fixed in 2% glutaraldehyde (Polysciences, 00376--500) and 2% paraformaldehyde in sodium cacodylate buffer pH 7.2 (Agar scientific, R1103) at 4 hpi for 3 hours at room temperature followed by fixation at 4°C. Post-fixation was performed in 1% osmium tetraoxide (SPI supplies, 02604-AB) in sodium cacodylate buffer for 1 h at room temperature. After dehydration through a graded series of ethanol, specimens were kept in epoxy resin (Agar scientific, AGR 1043) for 16 h before embedding. Ultrathin sections were collected on Formvar coated 200 mesh or one hole copper grids (Agar scientific, AGS 162) stained with 2% uranyl acetate (BDH) in 50% ethanol and 0.2% lead citrate (BDH) for 10 min each. Electron microscopy images were acquired with a JEOL JEM-1010 (Japan) transmission electron microscope equipped with an Olympus Megaview camera (Japan). Transmission electron micrographs were viewed and cropped in Fiji software.

Statistics {#S0004-S2009}
----------

All data sets were analyzed with Prism 7 software. Survival curves were analyzed with Log rank (Mantel-Cox) test. For CFU counts, one way ANOVA was performed on Log transformed data and was corrected for multiple comparisons using Sidak's multiple comparisons test when required. Percentage GFP-Lc3-positive biosensor-positive phagocyte quantifications and pixel count means were analyzed for significance with unpaired parametric t-test between two groups, and for multiple groups the one way ANOVA test was performed and corrected for multiple comparisons.
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